We studied chemical speciation of arsenic compounds in urine samples by using HPLC with inductively coupled plasma mass spectrometry detection. We examined urinary arsenic excretion patterns and the arsenic species excreted from nine human subjects who ingested seaweed products and crab (or shrimp). Fast urinary excretion of unchanged arsenobetaine was seen after ingestion of crab and shrimp, which contain arsenobetaine as the major arsenic species. In contrast, the arsenosugars, which comprise the major arsenic species in seaweed, are metabolized and have a longer retention time in the human body. When nine volunteers ingested the commercial seaweed product non, both the urinary arsenic excretion pattern and the excreted arsenic species varied from individual to individual, and as many as six metabolites could be detected. It seems that arsenosugars are not decomposed by stomach acid and that reactions invoMng enzymatic and (or) microbial activity in the human body may be responsible for the metabolism of arsenosugars.
Arsenic has had the reputation of being a poison for centuries (1, 2). Although certain arsenic compounds are toxic to humans, others are not. The toxicity of arsenic varies a great deal with its chemical species (3) (4) (5) , the 50% lethal dose (LD50) values in rats for some arsenic species being (in mg/kg): arsine 3, arsenite 14, arsenate 20, monomethylarsonic acid (MMAA) 700-1800, dimethylarsinic acid (DMAA) 700-2600, arsenobetaine >10 000, and arsenocholine 6500.2 The limit for arsenic in drinking water in the US and Canada (50 .gfL) is largely based on inorganic arsenite and arsenate. If this limit were applied to seafood as 50 ng/g, all seafood would be unfit for consumption, given contents often 1000 times this concentration (6, 7). Therefore, one must differentiate arsenic forms during biological monitoring to assess health risks involving arsenic exposure and intake.
Industrial and agricultural uses of arsenic compounds (8, 9) can result in excess human exposure, especially in occupations such as mining, smelting, glass making, and pesticide manufacture (10). Exposure to arsenate arises from its use in insecticides, cotton desiccants, and wood preservatives; exposure to MMAA and DMAA is due to their use as selective herbicides. Urinary excretion of these compounds from humans (10-16), monkeys (17) , dogs (18) , and hamsters (19) has been studied. Workers who are exposed to airborne arsenic compounds, particularly smelter workers who inhale As203, seem to eliminate this arsenic in urine, principally in the thmethylated form (12) . Reports of the biotransformation of inorganic arsenic to DMAA and MMAA are numerous (9-24). , and no toxic effect has been observed (5, 30). However, little is known about the effect of consumption of seaweed (31, 32) , which contains arsenosugars as the major arsenic species (33).
Consumption
Nori, a seaweed product processed from red algae (Porphyra tenera and other Porphyra species), for example, contains 17-28 g/g of arsenic (dry weight), almost all of which is present as arsenosugars (34). Average daily consumption of seaweed by the Japanese is reported to be 20-30 g with a high of 120 g (wet weight) (35 removed the extract and placed it in a round-bottom flask. We repeated the extraction process with the aid of sonication a further four times for each sample. We combined the extracts in the flask, evaporated them to dryness, and dissolved the residue in 10 mL of deionized water. The sample was analyzed by both FLA/HGAAS and HPLC/ICPMS.
We obtained urine samples from nine adult volunteers from various professional occupations. All volunteers refrained from eating any seafood for at least 72 h prior to commencing the seafood ingestion experiment.
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Each volunteer was instructed to collect 2-3 urine samples during the 12 h before the consumption of seafood. We used these samples to determine the background concentration of arsenic. The gaseous arsines were then swept by a continuous flow of nitrogen carrier gas into a quartz absorption tube mounted in the air-acetylene flame for AA measurement. We used arsenate solutions of known concentration for calibration.
We discussed
Method 2 (28) : We first subjected urine samples to batch-type microwave digestion as follows: We combined the urine sample or calibrator (40 mL), potassium persulfate (4.5 g), and sodium hydroxide (2.7 g) in a 125-mL Erlenmeyer flask and placed six of these sample-containing flasks in the microwave oven at one time. We then operated the microwave oven at full power for 3 mm followed by a 3-mm cooling period, and repeated this heating and cooling cycle four more times. After these samples were cooled to room temperature, they were each diluted to 50 mL with deionized water. We also determined arsenic in the digested samples by FIA/ HGAAS as described in method 1, except that the concentrations of hydrochloric acid and sodium borohydride were 3 mol/L and 30 g/L, respectively, and no cysteine was needed.
HPLCIICPMS.
We used the ODS-2 column with eluent 1 at a flow rate of 0.7 or 0.8 mL/min for the separation of arsenosugar derivatives and metabolites. We used the Phenomenex C18 column when running eluent 2 at a flow rate of 1 mLlmin for the separation of arsenobetaine.
We centrifuged all samples and filtered them through a 0.45-gm membrane filter before injecting 5-10 aL of the sample onto the HPLC column for chromatographic analysis. 
Results and Discussion
Urinary arsenic excretion after ingestion of kelp. The arsenic concentration normalized against the concentration of creatinine in urine samples collected from a volunteer (30-year-old man) before and after the ingestion of kelp is shown in Fig. 1 . We analyzed both microwavedigested and undigested urine samples for arsenic species by HGAAS, and compared the results. As described previously (28, 36), only hydride-forming arsenic species are determined by HGAAS analysis on samples that have not been subjected to microwave-assisted digestion.
Arsenosugars, arsenobetaine, arsenocholine, and the tetramethylarsonium ion are "hidden" and are not detected. When urine samples are decomposed in the presence of potassium persulfate and sodium hydroxide, all arsenic compounds are converted to arsenate, which is readily determined by HGAAS. Under these conditions, we measured the total arsenic concentration. Figure 1 shows that a considerable concentration of direct hydride-forming arsenic compounds is present in urine, particularly 17-37 h after the ingestion of kelp. The small difference in the arsenic concentrations measured before and after the microwave-assisted decomposition indicates that only small amounts of "hidden" arsenic compounds are present in the urine samples. The urinary excretion of arsenic after ingestion of kelp shown in Fig. 1 is much slower than the excretion of arsenic after ingestion of crabmeat (28) . Arsenobetaine is the major arsenic compound present in crab (7, 33,
41), and the ingestion of crab resulted in a fast excretion of this arsenical, unchanged (23,24,28,29).
In contrast, kelp, prepared from brown algae, contains arsenosugars as the major arsenic compounds (33, 42, 43 ). Analysis of a kelp sample extract by HGAAS gave an arsenic concentration of 1.9 gfg; after microwave-assisted digestion, the arsenic content was 19.6 g/g.
The difference between the two measurements is attributed to the presence of arsenosugars.
As shown in Fig. 2, an Flow rate, 0.8 mL/min. retention times of arsenic species previously reported for some related macroalgae
(33, 41-45).
We also studied the arsenic species in urine samples with HPLC/ICPMS. Chromatograms obtained from urine samples collected 12, 23, and 46 h after the ingestion of kelp are shown in Fig. 3(A-C) . Only arsenate and DMAA are the major arsenic species in urine samples, each at -5-7 tg/L, before ingestion of kelp. After eating kelp, a small peak, Ui, with the same retention time as that of arsenosugar XI (-5.7 mm), appears in the chromatograin of the 12-h urine sample (Fig. 3A) . In addition to this compound, two other peaks appear (at retention times -9.1 and 10. Inset trace wasobtained at higher sensitivity setting.
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These new compounds are not detected in the 46-h urine sample (Fig. 3C) .
Analysis on a 25-h urine sample from volunteer 2 shows three unknown arsenic compounds (retention times 9.1, 10.8, and 14.7 min) . We did not observe compound Ui in the urine samples from volunteer 2; however, we observed another arsenic compound at retention time 14.7 mm in the urine sample from the latter volunteer. The difference in arsenic species found in the urine samples from these two volunteers after eating kelp suggests that metabolism of arsenosugars may vary from person to person. Therefore, we decided to repeat the experiment with a few more volunteers. We chose a small group of nine volunteers so that the number of samples could be handled easily in our laboratory. For simplicity we chose nori because it contains a single arsenosugar as the major arsenic compound and is readily available from local food markets. Analysis of a nori sample extract by HGAAS before and after microwave decomposition gave arsenic concentrations of 0.7 and 21 pg/g, respectively.
Urinary arsenic excretion after ingestion of non. We asked each of the nine volunteers to eat -9.5 g of nori (containing -193 pg of arsenic as arsenosugar X); urine samples were collected before and after the time of ingestion. We determined the arsenic concentration in the urine samples by HGAAS with microwave decomposition of the sample, and results are shown in Fig. 4 . We saw an increase in the arsenic concentration in urine samples from volunteers 1-3 and 6-9; the highest concentration was found 10-GO h after eating nori, with a return to background concentrations after -80 h. In contrast, we saw very little change in arsenic concentrations in urine samples from volunteers 4 and 5, even though they had ingested the same amount of nori as the others. Only background concentrations of arsenic species were found in these urine samples. Both volunteers had no apparent problem in digesting the seaweed and no abnormal activities or feelings. Volunteers 1-4 are in the same family, have a very similar diet, and have similar activities, yet their urinary arsenic excretion patterns are significantly different. Similarly, two female volunteers (5 and 6) of the same age also demonstrate very different urinary arsenic excretion patterns. These results strongly suggest that different individuals metabolize arsenosugars in different ways. To further study the excreted arsenic species, we subjected selected urine samples from each volunteer to HPLC/ICPMS analysis. Fig. 5 shows a typical chromatogram obtained on analysis of the 26-h urine sample from volunteer 3, revealing three metabolites (Ui, U3, and U4). Only DMAA and arsenate were detected in their urine samples collected before the ingestion of nori.
We obtained similar chromatograms by analyzing urine samples from the other volunteers. We also determined the creatinine concentration in the urine samples Table 2 . Up to six arsenic species (U1-U6) at retention times 5.7, 6.6, 8.2, 9.9, 13.0, and 14.7 min, in addition to Time w.r.t. kelp consumption, h Fig. 6 . Relative intensity of chromatographic peaks of arsenic species in urine samples from volunteer 1 before and after consumption of kelp. w.r.t.,withrespect to. Two members of one family, volunteers 7 and 8, each excreted five metabolites in their urine samples following ingestion of nori. However, volunteers i-4 excreted three, four, three, and one metabolite(s) (Fig. 3B and Table 2 ), respectively, although these four volunteers are all from the same family and have a similar diet. Furthermore, volunteers 5 and 6, both 20-year-old women, also showed different metabolic patterns for arsenosugars.
We detected none of the arsenic metabolites in the 29.5-h urine sample of volunteer 5, whereas six metabolites of arsenic species were present in the 29-h urine from volunteer 6. These results are consistent with those obtained from the timecourse studies and support the contention that the ability to metabolize arsenosugars varies from individual to individual.
In addition to the appearance of various unknown metabolites Ui-U6, the DMAA concentration was also significantly increased in urine samples collected after the ingestion of seaweed.
Detailed results on the spedation of arsenic in urine samples from volunteer 1 who ingested kelp are summarized in Fig. 6 . We obtained the relative intensity shown in the Figure by normalizing the intensity of each chromatographic peak from a urine sample against the concentration of creatiine in the corresponding urine sample. Clearly, the concentration of DMAA in the 23-h and 33-h urine sample following the ingestion of kelp was double the background concentration (in the -7-h urine sample). These results indicate that arsenosugars are metabolized to arsenic species such as DMAA, which is more toxic. Metabolism and the nature of metabolites should be taken into consideration when assessing the overall toxicological effect of seaweed ingestion.
Urinary arsenic excretion after ingestion of crab and shrimp. We decided to establish if this difference in metabolic patterns applied to arsenobetaine as well. We chose six volunteers for this study; of particular interest was a comparison between volunteers i-3 and 4 of the same family, and between 5 and 6 of the same age and sex. Figure  7 shows urinary arsenic excretion patterns from volunteer 4 after the ingestion of some crabmeat. We saw a fast excretion of arsenic compounds. Volunteer 3 shows a similar arsenic excretion pattern following ingestion of crab.
HPLC/ICPMS analysis clearly shows that arsenobetame is the major arsenic compound in urine samples from both volunteers 3 and 4, indicating that arsenobe- In contrast, arsenosugars are more labile (41) (42) (43) 10-16, 24, 25, 28). Freeman et al. (25) and Charbonneau et al. (17) reported that most of the arsenic ingested through eating arsenic-containing fish is excreted in the urine from both man (25) and monkey (17) within 2 days. Following the ingestion of 500 pg of arsenic in the form of arsenite, 45% of the dose was excreted within 4 days, of which 24% was as DMAA, 10% as MMAA, and 11% as inorganic arsenic (15). The urinary arsenic excretion pattern (and rate) after ingestion of seaweed obtained in this study is similar to those obtained after ingestion of inorganic arsenic (11-15, 23, 24).
We made comparisons by extracting nori and SRM oyster tissue with 0.01 mol/L hydrochloric acid vs deionized water, and noted no significant differences. These results suggest that arsenosugars are not simply decomposed by the acid present in the stomach, and that reactions involving enzymatic and (or) microbial activity may be responsible for their metabolism. Therefore, any difference in urinary arsenic excretion patterns of arsenosugars may be attributed to a difference in individual metabolic functions. A larger number of subjects is required to study any possible correlations between urinary excretion and a particular group of subjects.
